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Recently, we have reported that M-CSF in cooperation
with TGF-b1 can induce Langerhans cell (LC) develop-
ment from hematopoietic progenitor cells (HPCs)
without GM-CSF. In the present study, we examined
whether TGF-b1 changes the di¡erentiation of HPCs
induced by IL-3 towards LC development.We cultured
HPCs in a serum-free medium in the presence of IL-3
and a combination cytokines including Flt3L, SCF, and
TNF-a with or without TGF-b1. DCs induced by the
IL-3 culture (IL-3 DCs) did not signi¢cantly di¡er from
those induced by the GM-CSF culture (GM-CSF DCs).
Namely, both expressed CDla, F-cadherin, and Langer-
in in the presence of TGF-b1 and stimulated allogeneic
T cells at a similar magnitude. In contrast to GM-CSF
DCs, IL-3 DCs lacked the expression of Birbeck gran-
ules (BGs) in spite of their expression of Langerin.
When we compared the expression of Langerin be-
tween these two DCs, however, it became clear that
both Langerin protein and mRNA were signi¢cantly
lower in IL-3 DCs than in GM-CSF DCs. These studies
again demonstrated the ability of TGF-b1 to polarize
the di¡erentiation of HPCs induced by IL-3 towards
LC development, although IL-3 DCs were unable to
form BGs partly because of their poor ability to induce
Langerin. Key words: Birbeck granules/dendritic cells/hema-
topoietic progenitor cells/interleukin-3/Langerhans cells. J In-
vest Dermatol 121:1397 ^1401, 2003
R
ecently, we have reported that macrophage colony
stimulating factor (M-CSF) in cooperation with
transforming growth factor b1 (TGF-b1) can
induce E-cadherin þ Langerin (CD207) þ Lag
þ Birbeck granule þ Langerhans cell develop-
ment from hematopoietic progenitor cells (HPC) in vitro without
GM-CSF, whereas without TGF-b1 M-CSF induces only
CD14þ monocytes but not CD1aþ dendritic cells (Mollah et al,
2003). Our observation may suggest a dominant role of TGF-b1
in the di¡erentiation of HPC into Langerhans cells. Therefore,
the initial purpose of this study was to examine whether interleu-
kin-3 (IL-3) could also induce Langerhans cells from HPC in the
presence of TGF-b1 as seen in the culture with GM-CSF or
M-CSF combined withTGF-b1. The IL-3 receptor shares a com-
mon b chain with GM-CSF and IL-5 (reviewed in Miyajima et al,
1993). Therefore, it was demonstrated that IL-3 also functions like
GM-CSF in dendritic cell development from HPC or CD14þ
monocytes (Caux et al, 1996; Buelens et al, 2002; Ebner et al,
2002). Nevertheless, Caux et al (1996) demonstrated a di¡erence
in the induction of CD1aþ dendritic cells from HPC between
GM-CSF and IL-3, suggesting that they work di¡erently on
HPC.They did not examine the expression of any markers speci-
¢c for Langerhans cells, however, such as E-cadherin, Langerin,
or Lag, or the formation of Birbeck granules. Therefore, it is not
clear whether IL-3 combined withTGF-b can induce Langerhans
cells or non-Langerhans cell CD1aþ dendritic cells.
To compare the role of IL-3 with that of GM-CSF in the de-
velopment of Langerhans cells from HPC, we chose culture
methods that induce Langerhans cells from HPC, as described
by Strobl et al (1996) and Gatti et al (2000).We replaced GM-CSF
with IL-3 in this culture system. The culture of CD34þ HPC
with IL-3 also induced CD1aþ HLA-DRþ CD11cþ E-
cadherinþ Langerinþ dendritic cells, the antigen presenting
function of which was comparable to that of Langerhans cells in-
duced by GM-CSF. Unexpectedly, however, these Langerhans
cells lacked the expression of Lag or the formation of Birbeck
granules.
MATERIALS ANDMETHODS
Media and reagents The medium used in the study was X-VIVO 15, a
serum-free medium (BioWhittaker, Walkersville, MD). We used the
following £uorescein isothiocyanate conjugated or phycoerythrin
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conjugated monoclonal antibodies for immunostaining: anti-CD1a
antibody, anti-CD14 antibody (DakoCytomation, Glostrup, Denmark),
anti-CD86 antibody, anti-CD80 antibody, anti-HLA-DR antibody (BD
PharMingen, San Diego, CA), anti-CD1a antibody, anti-CD11c antibody,
anti-CD83 antibody, anti-Langerin (CD207) antibody (Coulter, Hialeah,
FL), antihuman CD123 (IL-3 receptor a) (eBioscience, San Diego, CA),
and isotype-matched mouse control antibodies, IgG1, IgG2a (BD
PharMingen), and IgG2b (Ancell, Bayport, MN). We also used
nonlabeled monoclonal antihuman E-cadherin antibody (Takara
Biomedicals, Tokyo, Japan), anti-Birbeck granule-associated antigen
antibody, Lag (gift of Dr F. Furukawa, Wakayama Medical College,
Japan), and isotype control antibody (IgG1) (Sigma). Recombinant human
GM-CSF (41  107 U per mg) was a gift from Kirin Brewery,
Tokyo, Japan. Recombinant human IL-3 (41  107 U per mg), recombi-
nant human tumor necrosis factor a (TNF-a) (42  107 U per mg),
recombinant human stem cell factor (45  104 U per mg), recombi-
nant human TGF-b1 (42  107 U per mg), and recombinant human Flt3
ligand (42  105 U per mg) were from PeproTech EC, London, UK.
Isolation of CD34þ HPC and cell culture Umbilical cord blood
samples were obtained according to institutional guidelines. Cells bearing
CD34 antigen were isolated from mononuclear fractions through positive
selection as described previously (Mollah et al, 2003). CD34þ cells
(1  104 per mL per well) were cultured in X-VIVO 15 medium in 24-
well tissue culture plates supplemented with 100 ng per mL IL-3 or 100
ng per mL GM-CSF in conjunction with the combination of 20 ng per
mL stem cell factor, 100 ng per mL Flt3 ligand, 2.5 ng per mL TNF-a,
and 2.5 ng per mL TGF-b1 (the cytokine cocktail) according to the
methods described by Gatti et al (2000). Cultures were kept for 1 wk
without adding or changing the medium or cytokines. After culturing,
cells were collected from both types of cultures by vigorous pipetting to
make single cell populations or by gentle pipetting to harvest cluster-
puri¢ed dendritic cells (Gatti et al, 2000).
To clarify the role of IL-3 or TGF-b in this culture system (1) we
cultured CD34þ cells with the cytokine cocktail with di¡erent con-
centrations of IL-3 and (2) we also cultured HPC with GM-CSF or IL-3
in conjunction with the cytokine cocktail excluding TGF-b, and (3) we
cultured IL-3 DC (day 7) with GM-CSF for another 4 d.
Flow cytometry The cells were stained for surface antigen expression
and analyzed by FACScan using CellQuest software (Becton Dickinson)
as previously described (Mollah et al, 2003). Dead cells were gated out
after staining with 0.5 mg per mL of propidium iodide solution. In the
experiments, unless speci¢ed otherwise, we used unpermeabilized cells.
To compare the intracytoplasmic expression of Langerin protein, we
permeabilized cells using Cyto¢x/Cytoperm solution (BD PharMingen)
(Mollah et al, 2002).
Langerin mRNA expression by IL-3 DC and GM-CSF DC Total
RNA was extracted from both IL-3 DC and GM-CSF DC using the
guanidinium thiocyanate method described by the manufacturer
(ISOGEN; Nippon Gene,Toyama, Japan). cDNAwas obtained from total
RNA usingTaKaRa RNA PCR kit (AMV) (Takara Biochemicals, Osaka,
Japan), as described in the manufacturer’s protocol. PCRwas performed in
a Perkin Elmer 2400 thermal cycler in a ¢nal volume of 20 mL reaction
mixture containing 1 mM of each forward and reverse primer. The primer
sets for human Langerin and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) were designed to span exonintron boundaries as þ 71/
Langerin 50 -TGATGCGCACTTCACTGT-30 forward primer and ^912/
Langerin 50 -CATTGTTGGGCTCACCT-30 reverse primer (Valladeau
et al, 2000), and þ 66/GAPDH 50 -GAAGGTFAAFFTCGGAGTC-30 for-
ward primer and ^291/GAPDH 50 -GAAGATGGTGATGGGATTC-30 reverse
primer, respectively. The reaction mixture was subjected to 28 cycles of
Figure1. The phenotypic comparison between dendritic cells in-
duced by the IL-3-containing medium and those induced by the
GM-CSF-containing medium. CD34þ cells (1  104 per mL per well)
were cultured in X-VIVO 15 medium supplemented with IL-3 or GM-
CSF in conjunction with a combination of stem cell factor, Flt3 ligand,
TNF-a, and TGF-b1. They were cultured without adding or changing
the medium or cytokines for 7 d. In every experiment, we employed both
culture systems for a side-by-side comparison. After culture, cells were col-
lected from both types of cultures by vigorous pipetting and analyzed by
£ow cytometry. Dead cells were gated out after staining with 0.5 mg per
mL of propidium iodide solution. This is a representative £ow cytometry
of three independent experiments.
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PCRwith the following conditions: 941C for 1 min, 601C for 1 min, and
721C for 1 min. PCR products were visualized on 1.2% agarose gels
containing 0.1mg per mL ethidium bromide.
Confocal laser scanning microscopy Immunohistochemical analysis
of Lag expression was performed on cytospin slides of the cluster-puri¢ed
cells harvested from both culture systems as described previously (Mollah
et al, 2002), and on those of IL-3 DC that were further cultured with GM-
CSF for 4 d.
Electron microscopy Cluster-puri¢ed GM-CSF DC, IL-3 DC, and
IL-3 DC that were further cultured with GM-CSF for 4 d were examined
under a JEOL 100S electron microscope ( Japan Electron Optics Labo-
ratory,Tokyo, Japan) as described previously (Mollah et al, 2003).
Allogeneic T cell stimulation The enriched T cells (2  105 cells per
well) consisting of more than 95% CD3þ cells were cocultured in 96-
well £at-bottom microtiter plates with various numbers of cluster-
puri¢ed GM-CSF DC or IL-3 DC. Each well was recovered after 4 d of
culture following a 16 h pulse with 1 mCi [3H]-thymidine. The results
were expressed as the mean SD of triplicate cultures. To decrease the
background proliferation, dendritic cells were irradiated with 20 Gy with
a Softex (Softex,Tokyo, Japan).
RESULTS
IL-3 in conjunction with stem cell factor, Flt3 ligand,
TNF-a, and TGF-b1 induces HPC to CD1aþ Langerinþ
dendritic cells HPC that were cultured in X-VIVO 15 cont-
aining GM-CSF and the cytokine cocktail (GM-CSF culture)
expanded 54 29 fold (mean SD, n¼ 5) by 7 d. In this
culture, clusters of dendritic cells appeared at 4^5 d after the
initiation of culture and reached the maximum number and size
by 7^10 d. When we cultured HPC in X-VIVO 15 containing
IL-3 and the cytokine cocktail (IL-3 culture), clusters of
dendritic cells appeared at 4^5 d after the initiation of culture
and they expanded 80 10 fold (mean SD, n¼ 5) by 7 d.
After 7 d of culture, both the GM-CSF culture and IL-3 cul-
ture contained CD1aþ CD14 HLA-DRþ CD11cþ E-cadherin
þ Langerinþ dendritic cells by £ow cytometry, although the per-
centage of CD1aþ cells and the total CD1aþ cells were always
higher in the GM-CSF culture (14.0% 3.9%; 0.71 0.36
 10^5 per well) than in the IL-3 culture (4.4% 2.1%;
0.36þ 0.20  10^5 per well) (mean SD, n¼ 5) (po0.05 by
Wilcoxon signed-rank test). Dendritic cells derived from either
IL-3 culture (IL-3 DC) or GM-CSF culture (GM-CSF DC)
contained signi¢cant numbers of CD80þ or CD86þ cells, but
no CD83þ cells (Fig 1).
The expression of CD11c was signi¢cantly di¡erent between
IL-3 DC and GM-CSF DC. Namely, the percentage of CD11cþ
cells among CD1aþ cells was smaller in IL-3 DC than in GM-
CSF DC (19.4% 9.1% and 31.9% 15.2%, respectively;
mean SD, n¼ 4) (po0.05 by Wilcoxon signed-rank test). As
we reported concerning CD1aþ DC induced by an M-CSF-
dependent culture condition (Mollah et al, 2003), GM-CSF but
not IL-3 could increase the percentages of CD11cþ cells among
CD1aþ DC induced by the IL-3 culture (data not shown).
IL-3 was essential in CD1aþ DC di¡erentiation from CD34þ
cells in IL-3 culture When we cultured HPC in various
concentrations of IL-3 combined with a cytokine cocktail, we
could detect less than 1% of CD1aþ DC without IL-3. When
we added di¡erent concentrations of IL-3 to the culture, the
percentage of CD1aþ CD14 cells in the culture increased in a
dose-dependent fashion.
TGF-b1 signi¢cantly augments the induction of CD1aþ DC
from CD34þ cells by IL-3 culture It has been demonstrated
that TGF-b1 is essential for Langerhans cell development but not
for dendritic cell development in vivo and in vitro (Strobl et al,
1996; Borkowski et al, 1997; Riedl et al, 1997; Caux et al, 1999). So,
we examined the role of TGF-b1 in the induction of Langerhans-
cell-speci¢c markers by dendritic cells in the IL-3 culture and the
GM-CSF culture. With TGF-b1, the IL-3 culture and the GM-
CSF culture induced the di¡erentiation of CD1aþ DC that con-
tained 56% 27% and 52% 26% Langerinþ cells (mean
 SD from three di¡erent experiments), respectively. Without
TGF-b1, in both the cultures, the percentage of Langerinþ DC
signi¢cantly decreased. Namely, they were 7.5% 5.8% in
CD1aþ IL-3 DC and 9.8% 5.8% in CD1aþ GM-CSF DC.
Allogeneic T cell stimulation by IL-3 Langerhans cells and
GM-CSF Langerhans cells We studied the antigen presenting
function of IL-3 DC and GM-CSF DC. As the GM-CSF culture
and the IL-3 culture contained greatly di¡ering numbers of
Langerhans cells, we used the cluster-puri¢ed dendritic cells
from the GM-CSF culture or IL-3 culture. They were composed
of more than 70% CD1aþ cells in every experiment.When they
were cultured with allogeneic T cells, IL-3 DC stimulated
allogeneic T cells at a magnitude almost comparable to GM-CSF
DC.
IL-3 DC lack Lag expression and the formation of Birbeck
granules Finally, we examined whether IL-3 DC have Birbeck
granules or not. At ¢rst, we examined the expression of Lag by
IL-3 DC and GM-CSF DC. Unexpectedly, none of the IL-3 DC
expressed Lag in the immunohistochemical staining, whereas
most of the GM-CSF DC expressed it (Fig 2a). Consistent with
these data, IL-3 DC did not express Birbeck granules in the
Figure 2. The IL-3 culture cannot induce the expres-
sion of Lag or Birbeck granule formation by dendri-
tic cells, whereas the culture of GM-CSF stimulates
them to express Lag and form Birbeck granules. (a)
The cytospin slides for the cells recovered from cluster-
puri¢ed GM-CSF DC, IL-3 DC, and IL-3 DC that were
further cultured with GM-CSF for 4 d were examined for
the expression of Birbeck-granule-associated antigen, Lag,
as described in Materials and Methods (scale bar: 20 mm). (b)
These three di¡erent dendritic cells were ¢xed and pro-
cessed for electron microscopy observations. This is repre-
sentative of IL-3 DC that were further cultured with GM-
CSF for 4 d (scale bar: 200 nm). The inset represents a high-
er magni¢cation showing a Birbeck granule indicated by
an arrow (scale bar: 200 nm). 66% of the IL-3 DC that were
further cultured with GM-CSF for 4 d contained Birbeck
granules.
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electron microscopy observation (counted cell number n¼ 20),
whereas GM-CSF DC did express them (70%, n¼ 30).
Interestingly, when these IL-3 DC were further cultured with
GM-CSF for 4 d, they came to express Lag and to form Birbeck
granules (70%, n¼ 30) (Fig 2b).
IL-3 DC express Langerin protein or mRNA signi¢cantly
less than GM-CSF DC To clarify the reason for the lack of
Birbeck granule formation by IL-3 DC, we compared the
expression of Langerin between IL-3 DC and GM-CSF DC at
both the protein and mRNA levels.When we examined the cell
surface as well as the cell surface þ intracellular Langerin protein
expression by £ow cytometry using unpermeabilized or
permeabilized cells, respectively, it became clear that IL-3 DC
expressed signi¢cantly less Langerin protein than GM-CSF DC
(Fig 3a). In accordance with the protein expression, the
expression of Langerin mRNA was lower in IL-3 DC than in
GM-CSF DC (Fig 3b).
DISCUSSION
The in vivo experiments using op/op mice that cannot produce
functional M-CSF (Witmer-Pack et al, 1993), GM-CSF null mice,
or GM-CSF receptor b chain null mice (Vremec et al, 1997;
Burnham et al, 2000) suggest that there is a redundancy in the
hematopoietic growth factors required for Langerhans cell devel-
opment, because none of these mutant mice is devoid of epider-
mal Langerhans cells. In contrast, the fact that TGF-b-de¢cient
mice lack Langerhans cells in the epidermis, whereas other den-
dritic cell populations appear normal (Borkowski et al, 1997),
clearly suggests that TGF-b is a mandatory factor for Langerhans
cell development. Consistent with these in vivo observations, our
recently published paper (Mollah et al, 2003) and these studies
have demonstrated that, even in vitro, TGF-b is mandatory for
the di¡erentiation of Langerhans cells, whereas either M-CSF or
IL-3 can replace at least partly the role of GM-CSF.
Several in vitro studies have already clari¢ed that TGF-b is es-
sential for the development of Langerhans cells by demonstrating
the ability of TGF-b to induce Langerhans cells in vitro.These stu-
dies demonstrated that TGF-b combined with GM-CSF can in-
duce Langerhans cells from various precursor cells, such as HPC
(Strobl et al, 1996; Riedl et al, 1997; Caux et al, 1999), peripheral
blood monocytes (Geissmann et al, 1998), peripheral blood
CD1aþ /CD11cþ cells (Ito et al, 1999), and dermal resident
CD14þ cells (Larregina et al, 2001). On the other hand, our stu-
dies have revealed that TGF-b can induce Langerhans cells from
HPC in a culture with M-CSF or IL-3 other than GM-CSF. M-
CSF has been reported to be critically involved in the survival,
proliferation, and di¡erentiation of cells of the mononuclear pha-
gocyte system (reviewed in Flanagan and Lader, 1998). Recently,
IL-3 has been recognized as an essential factor for the survival
and maturation of CD4þ CD3 CD11c plasmacytoid cells
(Grouard et al, 1997).Therefore, our data suggest a dominant e¡ect
of TGF-b over other hematopoietic growth factors or cytokines
in the induction of Langerhans cells from HPC.
Finally, although IL-3 DC share a variety of phenotypic and
functional characteristics with GM-CSF DC, unexpectedly they
lacked Birbeck granules. Interestingly, they could form Birbeck
granules after further culture with GM-CSF. Recently,Valladeau
et al (2000) demonstrated that Birbeck granules can form within
endoplasmic reticulum membranes in murine ¢broblasts trans-
fected with human Langerin cDNA. In this study, we compared
the Langerin expression between IL-3 DC and GM-CSF DC and
revealed that IL-3 DC expressed Langerin signi¢cantly less than
GM-CSF DC at both the protein and mRNA levels. Langerin
expression induced by IL-3 culture may not be su⁄cient for Bir-
beck granule formation.
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